Solid solution series of the type K 2 Bi 8-x Sb x Se 13 , K 2-x Rb x Bi 8 Se 13 as well as K 2 Bi 8 Se 13-x S x were prepared and the distribution of the atoms (Bi/Sb, K/Rb and Se/S) on different crystallographic sites, the band gaps and their thermoelectric properties were studied. The distribution Se/S appears to be more uniform than the distribution of the Sb and Rb atoms in the β-K 2 Bi 8 Se 13 structure that shows preference in specific sites in the lattice. Band gap is mainly affected by Sb and S substitution. Seebeck coefficient measurements showed n-type character for of all Se/S members. In the Bi/Sb series an enhancement of p-type character was observed. The thermoelectric performance as well as preliminary high temperature measurements suggest the potential of these materials for high temperature applications.
Introduction
β-K 2 Bi 8 Se 13 1 was early singled out among many ternary and quaternary bismuth chalcogenide compounds with alkali metals 2 due to its low thermal conductivity and promising power factor. Its structure has many of the features that make a material promising for further investigations, including band structure calculations 3 , doping studies 4 , crystal growth 5 , solid solutions with different elements. In this work we present work on solid solutions using different alkali metal (Rb), heavy metal (Sb) and chalcogenide (S) atoms in order to prepare K 2 Bi 8-x Sb x Se 13 6 , K 2-x Rb x Bi 8 Se 13 7 and K 2 Bi 8 Se 13-x S x 8 series respectively. We also conducted crystallographic studies as an effort to study the distribution of the various atoms in the lattice. The thermoelectric properties at room temperature as well as the potential of these materials for thermoelectric applications is discussed.
Results and Discussion

Synthesis and Crystal Growth
The solid solutions were prepared by the stoichiometric combination of the elements at 850 o C. For Bi/Sb samples, 0.2% Se excess was added. A modified vertical Bridgman technique was applied on the Bi/Sb and Se/S samples to obtain well-oriented ingots for charge transport measurements.
Crystal structure β-K 2 Bi 8 Se 13 has a complex monoclinic crystal structure that includes two different interconnected types of Bi/Se building blocks (the so-called NaCl 100 -and NaCl 111 -type), see Figure 1 . The Bi 2 Te 3 -type blocks are aside forming layers that they are connected to each other with NaCl-type pillars. In between there are tunnels that the K + atoms exist. The two different Bi/Se blocks are connected to each other at special, high-coordination, mixed-occupancy K/Bi sites (Bi(8)/K(3) and K(1)/Bi(9) in Figure 1 ). K(1)/Bi(9) of the initial structure) that serve as connecting points between the two different type blocks. For small Sb concentration these two sites are mainly affected. Increasing Sb incorporation the other heavy metal sites are also affected.
For the K 2-y Rb y Bi 8 Se 13 series, the Rb + atoms prefer exclusively the K(2) site in the tunnels while it seems to be excluded from the mixed occupancy sites (Bi(8)/K(3) and K(1)/Bi (9)). These features formally make KRbBi 8 Se 13 (i.e. y=1) a quaternary compound that adopts the β-K 2 Bi 8 Se 13 structure. For y values greater than 1 the β-K 2 Bi 8 Se 13 structure is not adopted and for y=2 the different structure type of Rb 2 Bi 8 Se 13 9 is formed.
Band gaps
The semiconducting energy gaps were determined optically at room temperature for selected members of the three series. In the Bi/Sb series the band gap increases with increasing Sb participation appears as expected. However, for small Sb concentration a slight decrease of the band gap appears and this can be attributed to the preferential substitution of Sb to the connecting sites (Bi(8)/K(3) and K(1)/Bi(9)) of the structure. Band gaps of 0.6-0.61 eV were obtained for the members y=0.2, 0.5 and 0.8 of the K 2-y Rb y Bi 8 Se 13 series while for the member y=1.0 is 0.64 eV. The incorporation of S in the K 2 Bi 8 Se 13 , leads to wider energy gap, from 0.59 to 0.97 eV as expected.
Thermoelectric properties
Thermoelectric power and electrical conductivity measurements were carried out along the needle direction (i.e. crystallographic b-axis) for all members of the three series.
For the K 2-y Rb y Bi 8 Se 13 series the Seebeck coefficient was determined on small polycrystalline and oriented samples along the needle direction. The Seebeck coefficient at room temperature indicates the enhancement of the n-type character with the composition, see Table 1 . The room temperature electrical conductivity tends to increase with x and this is consistent with the decrease of the Seebeck coefficient. The power factor (S 2 σ) was calculated for each sample and it is equal to 7.6 µW/cmK 2 for x=0.2, 7.9 µW/cmK 2 for x=0.5 and 7.2 µW/cmK 2 for x=1.0 at room temperature.
For the K 2 Bi 8-x Sb x Se 13 series, the Seebeck coefficient at room temperature is negative for the Bi-end member while for the Sb-end member (x=8.0) is positive, see Table 1 . The members in between are expected to show the transition form the one to the other character type. The room temperature values suggest the enhancement of the p-type character with composition. Electrical conductivity actually decreases with composition and this agrees with the Seebeck coefficient results. The power factor (S 2 σ) for each sample is shown in Table 1 . Contrary with the Bi/Sb series, the Seebeck coefficient of all members of K 2 Bi 8 Se 13-z S z series is negative. Room temperature Seebeck coefficient and electrical conductivity as well as power factor values are presented in Table 1 .
The thermal conductivity of the K 2 Bi 8-x Sb x Se 13 and K 2 Bi 8 Se 13-z S z series was measured to be very low (i.e. lattice thermal conductivity of member x=5.6 of K 2 Bi 8-x Sb x Se 13 is lower than 0.6 W/m⋅K) and the details of these studies will be presented elsewhere. Figures 2 and 3 , respectively. For the K 2 Bi 8-x Sb x Se 13 series, the room temperature ZT was 0.13 for the member x=0.8, 0.11 for x=1.6, 0.14 for x=2.4, 0.08 for x=4.0, and 0.33 for x=5.6. For K 2 Bi 8 Se 13-z S z series, the room temperature ZT was 0.13 for the member z=4, 0.09 for z=6, 0.16 for z=8, 0.10 for z=10, and 0.16 for z=13. 
S9.2.4
The ZT of the Bi/Sb series shows greater variation with composition than that of Se/S series. This is mainly due to the changes in the electrical conductivity. The Se/S series have shown greater electrical conductivity for all members.
It is interesting to notice the increasing trend of ZT with temperature for all members of both series. This trend as well as the values of ZT suggest the potential use of these materials at high temperature applications (i.e. power generation). However high temperature experimental data are necessary.
Preliminary experimental data for member with x=0.8 shows that Seebeck coefficient increases with temperature up to 700K, see Figure 4 . Similar trend shows the K 2 Bi 8 Se 13-z S z series. Figure 5 shows the Seebeck coefficient for the member z=4 up to 700K. This increasing trend is very encouraging since thermoelectric performance is affected strongly by the Seebeck coefficient. 
Conclusions
K 2 Bi 8-x Sb x Se 13 (0<x≤8), K 2-y Rb y Bi 8 Se 13 (0<y≤1) as well as K 2 Bi 8 Se 13-z S z (0<z≤13) were prepared. The distribution of Sb shows a strong preference to specific sites in contrary to the Se/S distribution that suggests the formation of true solid solutions. Rb atoms are involved exclusively in the tunnels of the structure making KRbBi 8 Se 13 a quaternary compound that adopt β-K 2 Bi 8 Se 13 structure. The incorporation of Sb and S in the K 2 Bi 8 Se 13 causes increase of the band gap as expected. However for small Sb concentration there is an anomalous decrease that can be related with the preference that Sb presents. Rb substitution does not strongly affect the band gap. Seebeck coefficient and electrical conductivity measurements suggest promising power factor for most of the members. Seebeck coefficient showed the n-type character of all Se/S and K/Rb members. In the Bi/Sb series the appearance of p-type character at high levels of Sb incorporation is clear and this causes a large variation in the electrical conductivity of this series. The temperature dependence of the thermoelectric performance suggests the potential of these materials for high temperature applications and this is also further supported by Seebeck coefficient measurements of selected members at temperatures up to 700K.
